ABSTRACT: This paper aims at the industry interest on automated design tools able to take into account manufacturing effects. Firstly, an efficient design strategy for bandpass waveguide filters including the rounded corners arising from low-cost manufacturing procedures is presented. This technique is based on a recent enhanced prototype and synthesis methodology able to consider the real structure parts. Using the resulting EM-based synthesis technique, an excellent structure is extracted which requires, at most, only a slight final EM optimization. Secondly, this paper presents analytical expressions providing error estimates for the different filter performances in terms of manufacturing tolerances. From such expressions, designers can determine the tolerance to be requested for a tuning-less implementation. Moreover, they can also be used to set the convergence criterion for the synthesis procedure. A fully automated design tool of bandpass waveguide filters able to consider manufacturing impairments has been developed and integrated in the commercial EM software tool FEST3D.
I. INTRODUCTION
Manufacturing procedures of waveguide components usually produce small variations in the structure geometry and slight random deviations in its physical dimensions. These unwanted but unavoidable effects degrade the measured response of real devices. Probably the most common geometrical modification is the conversion of sharp corners into rounded ones due to milling machining processes. The radii of such rounded corners alter the passband bandwidth, center frequency and return loss [1] . Tuning elements have been traditionally used to compensate for these impairments and the ones related to manufacturing tolerances [2] . The use of tuning elements, however, increments the component development times, costs, and undesired high-power effects, and should be avoided if possible. In fact, microwave industry is interested in lowcost tuning-less structure implementations.
In the last two decades, the increasing capabilities of modern computers have boosted an outstanding advancement on full-wave electromagnetic (EM) analysis techniques [3] - [5] . Since EM analysis tools are able to consider arbitrarily shaped geometries nowadays, several techniques have been proposed to design tuning-less waveguide filters including rounded corners [6] - [9] . Unfortunately, the rigorous analysis of structures with rounded corners is expensive in terms of CPU time, and most of these design techniques make an exhaustive use of EM simulations of the entire structure. As a result, the time required to complete the design is high, even for low and moderate order filters and after using modern space mapping approaches [6] , [9] . An important efficiency improvement can be achieved by introducing the rounded corners in the dimensional synthesis step. Traditional synthesis techniques, however, are based on analytically synthesizable prototypes which cannot precisely model the behavior of the structure elements [10] , [11] . Prototypes and synthesis techniques able to include accurate information of the real filter parts obtained from full-wave EM simulations will yield better extracted structures.
A novel design methodology has been recently proposed [12] , [13] . This methodology is based on a very general and flexible prototype able to acquire the wideband behavior of the real structure parts. The prototype similarity to the real structure is favored at the expense of an elaborated synthesis procedure, which is no longer analytic. An iterative technique which continuously aligns the prototype and the real structure is obtained. This synthesis procedure extracts excellent structure dimensions, thus dramatically reducing the design time. In most cases, the final optimization step is not even required. Similar joint prototype-structure synthesis procedures were proposed in [14] , [15] for the design of side-coupled coaxial cavity filters without resorting to bruteforce EM optimizations. However, these methods were conceived for narrowband filters with tuning elements, which allows performing a final adjustment of the structure response.
On the other hand, there is a lack of studies on the impact of manufacturing tolerances in structure performance. To evaluate this impact, a Monte Carlo tolerance analysis on the designed filter is usually performed. This procedure is cumbersome from a CPU point of view, especially if different tolerances must be attempted to estimate the device sensitivity and/or complex geometries are involved. To the authors' best knowledge, only the work reported in [16] has faced up to this problem by defining a criticality ratio and criticality constant to evaluate H-plane filter sensitivities. This valuable and practical contribution can be considered as a preliminary work, since both criticality terms were set based on intuition and were tested only on a limited number of filters. Moreover, the computed sensitivity always corresponds to a fixed 20% deterioration in the passband return loss. This paper addresses the industry interest on automated design tools able to consider manufacturing impairments. Following [13] , an efficient and fully automated EM-based synthesis and design technique of H-plane waveguide filters with rounded corners (see Fig. 1 ) has been developed. This paper also presents accurate estimators for the degradation in the filter performances due to manufacturing tolerances. From the filter specifications, the designer can determine the manufacturing tolerance required to perform a tuning-less filter implementation. Due to its practical application, these advances has been integrated within the ESA (European Space Agency) software package FEST 3D (Full-Wave Electromagnetic Simulation Tool 3D) [17] .
II. SYNTHESIS AND DESIGN PROCEDURE

A. Synthesis Methodology
The design of H-plane waveguide filters with rounded corners has been carried out by using the synthesis methodology described in [13] . This subsection includes a brief description of this methodology for completeness.
To accurately represent the wideband behavior of the structures under consideration, the prototype proposed in [13] has been chosen (see Fig. 2 ). A monomode prototype has been used since the higher-order mode effects between adjacent coupling windows are usually insignificant in these particular structures. The prototype has frequency-dependant inverters with unnormalized parameter K given by
and the prototype transmission line lengths also depend on frequency according to
where 0,i K is the unnormalized impedance parameter of the i-th inverter at 0,inv f (an arbitrary reference frequency normally set to the geometrical mean of the passband cutoff frequencies), and g0,i  is the guide wavelength g,i  of the ith structure resonator at its resonant frequency 0,i f .
The free parameters i  , 1,i  and 2,i  in (1)-(2) are used to model the behavior of the real filter elements in the filter passband. They are obtained from least-square fits in the form of (1) -(2) to the frequency variation of (i) the parameter K provided by the real coupling window and (ii) their input/output correction lengths required to obtain the -90º phase shift of an ideal inverter. These least-square fits are carried out in a wide frequency range encompassing the filter passband.
The combined prototype-structure synthesis procedure begins with the synthesis of the prototype for a suitable initial choice of its free parameters. Next, the dimensions of the structure parts implementing the different prototype elements are obtained. The wideband responses of the extracted coupling windows are then computed to update the prototype free parameters, and a new iteration starts with the synthesis of the resulting prototype. This iterative procedure stops once the difference in the physical dimensions of two consecutive extracted structures is lower than the convergence bound. The convergence criterion will be discussed in subsection III-B. For an in-depth description of the synthesis procedure, the reader is referred to [12] , [13] . 
B. Electromagnetic Modeling
The combined prototype-structure synthesis requires EM simulations of the filter coupling windows in two different situations. They are carried out to obtain the window design variables (i.e., lengths i t or widths i w ) providing the parameters 0,i K of the prototype impedance inverters at 0,inv f . In addition, the coupling windows are also simulated in a wideband to update the prototype parameters i  , 1,i  and 2,i  .
The basic element to be simulated is the real coupling window with rounded corners shown in Fig. 3 . This type of coupling window arises when a milling machine is applied to a metallic block. All the rounded corners have the same radius R, since the same milling cutter is normally used in the final step of the H-plane filter manufacturing process.
The FEST 3D analysis capabilities allow the accurate and efficient full-wave simulation of arbitrarily shaped Hplane and E-plane components by means of the BI-RME method [18] , [19] . A particular element has been created to model 2D generalized inductive coupling windows with rounded corners. The current BI-RME implementation for H-plane components approximates the rounded shapes with linear segments (keeping the waveguide H-plane surface). Since the variations in the filter response due to the rounded corners is limited (as it will be shown in section IV), this approximation is usually valid. Anyway, and following [20] , an enhanced module able to rigorously consider circular and elliptic segments is currently under development.
The lengths of the waveguide ports included in the coupling window EM model (see Fig. 3 ) cause phase shifts in the scattering parameters, which reduce the lengths computed for the waveguide resonators. Obviously, the real lengths of the resonator waveguide sections include the port lengths assigned to the coupling windows in the EM simulations. To reduce the size of the H-plane components and speed up their electromagnetic simulations, short port lengths are chosen.
It is worth stressing that the time required by the BI-RME method to compute the response at each frequency point is negligible once the 2D eigenvalue problem has been solved. Hence, the wideband model of all of the structure coupling windows, required to update the prototype parameters i  , 1,i  and 2,i  , can be computed in very few seconds.
C. Including the Rounded Corners
Most of the design methods for H-plane filters with rounded corners reported in the literature start from the design of an equivalent filter with square sharp corners. Since the electric field is close to zero in the emplacement of the rounded corners, suitable initial structure dimensions are normally obtained (i.e., with an error normally in the range of ±100 μm for an X-band filter with demanding specifications). From these dimensions, an optimization of the filtering structure is usually carried out. Such optimization involves EM simulations of the whole device with rounded corners, which can be carried out using the finite element method (FEM) [6] , the finite difference time domain method (FDTD) [7] or an hybrid modal method [9] . Since an EM simulation of the entire structure is expensive in CPU time and memory terms, the final optimization is usually cumbersome.
The novelty of the design approach proposed in this paper is the inclusion of the rounded corners in a very accurate synthesis procedure. This key point brings two important advantages. Firstly, an excellent structure can be obtained that cannot even require a final EM optimization. Secondly, only isolated coupling windows are simulated instead of the entire structure. These key differences contribute to a drastic reduction in CPU time, which becomes more important as the filter order increases (and therefore the number of design variables). Additionally, and due to the flexibility and robustness of the synthesis technique [13] , the design of almost any practical H-plane filter can be successfully carried out, regardless of their bandwidth, return loss, order or resonators' width choice.
Even under this new approach, it is more advantageous to perform a preliminary synthesis of a conventional H-plane waveguide filter without rounded corners. In fact, any effort devoted to reduce the number of EM simulations of coupling windows with rounded corners improves the synthesis efficiency. The procedure therefore begins with the synthesis of an equivalent filter with sharp corners. The convergence criterion for this preliminary filter is softened by a factor of 4, as it will only provide the initial dimensions for the filter with rounded corners.
Next, the sharp corners of the conventional H-plane filter just obtained are replaced with rounded corners of radius R. Since the frequency response of the new coupling windows will be slightly different, their wideband model is computed to update the prototype parameters i  , 1,i  and 2,i  . A new prototype is thus obtained, which must be synthesized again to recover the ideal response. The physical dimensions of the real coupling windows with rounded corners implementing the synthesized prototype impedance inverters are then extracted. This is clearly the slowest part of the synthesis iteration, as it requires the highest number of EM simulations. A new iteration starts after the wideband characterization of the new coupling windows, which also update the prototype free parameters. Convergent filter dimensions are normally obtained after one or two additional coupling window extractions.
Using this algorithm, the number of synthesis iterations with rounded corners is reduced. Moreover, the first iteration considers coupling windows with square corners, which can be analyzed in hundredths of a second with FEST 3D pure modal analysis methods [18] . This first synthesis iteration requires a higher number of simulations, since an initial guess of the coupling window dimensions is not available. In fact, the Brent's bracketing algorithm is utilized instead of the faster Newton-Raphson's method used in the remaining iterations.
Once the convergence criterion has been fulfilled, an outstanding structure is usually obtained. In fact, a final EM optimization is not normally required. Anyway, FEST 3D automatically opens an optimization window, thus allowing the user to easily perform a final refinement of the whole structure. To carry out the EM simulation of the entire filter, the generalized admittance matrix of the structure blocks (waveguide uniform sections and coupling windows with rounded corners) are computed. FEST 3D connects these matrices according to the boundary conditions, and solves the resulting linear system to obtain the filter response [18] . The efficiency of this segmented analysis technique is several orders of magnitude better than pure FEM or FDTD approaches, which do not split the structure in smaller parts.
III. TOLERANCE ANALYSIS
A. Performance Estimates
This subsection presents analytical expressions providing error estimates for the response impairments due to a random variation in the filter dimensions. Such expressions must only involve the filter specifications and the manufacturing tolerance, so that a priori estimates can be easily computed.
To derive the aforementioned expressions, the complete design (i.e., synthesis and final optimization) of a vast range of uniform H-plane filters in the X band has been carried out. Since the effect of small perturbations of the rounded corners in the filter response is negligible, only square corner filters have been considered. Several Monte Carlo analyses have been performed on each designed filter, using a uniform random variation of the filter physical dimensions. In each analysis, a different maximum value T for the uniform distribution is used (i.e., the manufacturing tolerance). The following relative errors have been measured in the simulated response of each perturbed filter 
which provide, respectively, the center guide wavelength shift, the relative bandwidth variation and the passband return loss increment (more precisely, the relative increment on reflected power in the poorest matched frequency). To evaluate (3), the starting and ending filter passband frequencies have been measured, as well as the highest reflection coefficient
inside this band. The center guide wavelength g0  and relative bandwidth r BW in both the perturbed (real) and ideal cases are computed by using the procedure in [21] . Figure 4 shows the simulations of two Monte Carlo analyses with different maximum variation T for a filter with 500 MHz bandwidth and 23 dB return loss ripple, as well as the worst response for each of the three error terms in (3). This figure clearly shows the effect of manufacturing tolerances. Note that the greatest impairment is observed in the passband return loss level, both for slight and severe random perturbations in the filter physical dimensions. 
where N is the filter order, and g,wg  denotes the guide wavelength at 1,575 times the cutoff frequency of the TE 10 mode in the resonator waveguides (approximately the center of the waveguide recommended operation band).
Observe that an RMS error term in the form of (4) 
where the parameter related to the input reflection coefficient has been expressed in terms of the specified passband return loss RL. The maximum error observed is approximately three times the RMS error, and the average error is about 10%-20% below. The RMS error is more conservative than the average error and far less pessimistic than the maximum error, thus being the one we recommend to use.
Using these expressions, a designer can evaluate the expected impairments in the filter performances for a particular manufacturing tolerance. Conversely, they can also be used to find the maximum allowable variation in the filter dimensions required to keep the filter performances within an acceptable range.
Although all the tolerance analyses have been performed for uniform H-plane filters, the results can be extended to inhomogeneous structures with non-equal resonator widths as well. Instead of using the worst width to obtain a conservative estimate, we take the average resonator/port width to compute the parameters r BW , g0  and g,wg  in (5). The obtained results also agree well with the simulated performance degradations.
B. Convergence Criterion
The expressions obtained in subsection III-A can be used to set the synthesis convergence criterion, thus increasing the automation of the CAD procedure. For example, allowing a maximum impairment of 1 dB in the return loss, from (3c) and (5c) we obtain 
so the manufacturing tolerance must be lower than 1dB S to keep the return loss variation normally below 1 dB.
Since the return loss always exhibits the most severe degradation among the three error terms computed, the bound (6) could be used to set the synthesis convergence. However, and according to our practical experience, this criterion is very restrictive. This fact is because the errors in the physical dimensions of a synthesized filter are not randomly distributed. Contrarily, they are interrelated and tend to compensate. Moreover, the authors have observed that this effect increases with the filter order N, as the synthesis errors in the central filter sections are usually very small.
These results suggest that the convergence bound (6) can be relaxed. In fact, it can be replaced without a noticeable variation in the filter response by 
that although still conservative, is closer to the synthesis sensitivity.
The synthesis method therefore finishes when the maximum difference in the extracted dimensions in two consecutive iterations is lower than 1dB S . However, this condition implies another extraction of the coupling window dimensions to check the convergence criterion. To avoid this time consuming step, the variation of the structure dimensions with respect to the prototype parameters g0,i  and 0,i K are stored. After updating the prototype parameters and before carrying out the coupling window extractions, an estimate of the new filter dimensions can be easily computed. Since such estimates are an excellent guess of the real dimensions, they can be used to check the convergence criterion. If the criterion is fulfilled, the synthesis ends without carrying out the last extraction of the coupling windows, thus reducing the synthesis CPU time. Otherwise, they are used as excellent starting points to compute the new window dimensions.
IV. RESULTS
The fully automated synthesis procedure of H-plane filters with rounded corners just presented has been integrated in the FEST 3D bandpass synthesis tools [17] . All the CPU times in this section have been obtained using FEST 3D in a standard laptop PC with a 2 GHz T7250 Intel Core 2 Duo processor.
To test the accuracy of the synthesis method proposed and the tolerance estimates, a 10th order uniform filter in WR75 waveguide and centered at 11.5 GHz has been first considered. The specified passband bandwidth is 750 MHz with a 27 dB return loss ripple. The radius of the rounded corners has been chosen to be 3.5 mm, and the coupling window thickness has been fixed to 1.5 mm. The synthesis procedure described in this paper took only 65 seconds to extract an excellent filter. If the equivalent square corner filter is not synthesized first, the same structure (differences lower than a micron) is obtained after 91 seconds. A first iteration with rounded corners has been replaced by two faster iterations of a filter with square corners, thus achieving an important time reduction of about 30%.
The dimensions of the extracted structures in the synthesis iterations are compiled in Table I , and their simulated responses are compared in Fig. 5(a) . The convergence values denote the expected maximum variation in the filter dimensions for the next structure extraction (whose error with respect to the real variation is usually lower than 2%). The filter with 97 µm convergence is unacceptable, whereas the responses of the 10 µm and 1.5 µm convergence filters are very similar. According to (6) , the computed filter sensitivity 1dB S for a 1 dB return loss variation is about 1.5 µm, whereas the adjusted sensitivity 1dB S in (7) set the convergence criterion to a more realistic value of ±7 µm. The iteration providing the 1.5 µm convergence filter was not performed, since the expected variations in the filter physical dimensions are below the convergence criterion. Anyway, such estimated variations are added to the final structure dimensions to increase the synthesis accuracy.
The resulting filter shows a degradation of barely ±1.2 dB in the return loss ripple, and a passband shift of only 100 KHz. A final EM optimization is not usually required to correct these small impairments, which are below typical manufacturing tolerances and are close to the accuracy of EM simulators. The synthesis method has clearly reached convergent results, as the response differences between 10 µm and 1.5 µm filters are negligible. The small degradations can be attributed to the slight inaccuracies of the synthesis method; mainly due to the higher order modes neglected in the prototype model (see Fig. 2 ). These results also reveal that 1dB S provides a good and somewhat conservative synthesis convergence bound.
A viability study on a manufacturing procedure with a tolerance of ±10 µm has been carried out. The expected impairments have been evaluated by means of (5), and verified with the Monte Carlo analysis whose simulations are shown in Fig. 5(b) . The estimated and measured RMS errors in the center wavelength are only 0.048% and 0.046%, respectively (i.e., about 3 MHz of frequency shift). The passband bandwidth RMS variation in both cases is 0.46%, namely, lower than 4 MHz. As expected, the return loss exhibits the more important degradation. Equation (5c) estimates an error of 2.56, which translates to 5.5 dB, whereas the measured RMS variation is about 6.1 dB. These results demonstrate the accuracy of (5) to estimate the expected variation in the filter performance. From these data, the designer can determine whether to accept or not a manufacturing procedure with ±10 µm tolerance. A comparison between figures 5(a) and 5(b) clearly shows that random variations of ±10 µm in the filter dimensions produces a substantially higher degradation than a maximum error of ±10 µm due to the synthesis procedure accuracy.
In order to evaluate the effect of the rounded corners, the filter has also been synthesized and optimized without considering its 3.5 mm radius rounded corners. In spite of this approximation, the difference in the filter dimensions are only in the range between 15 and 75 µm (see Table I ). Figure 5 (a) shows a 30 MHz passband frequency shift as well as moderate return loss impairment in the simulated response of this filter (including its rounded corners). Rounded corners with radii lower than 1.5 mm in X-band filters scarcely degrade the structure response, and can even be neglected.
For the last example a 7th order C-band filter centered at 7.25 GHz with 5 mm radius rounded corners was synthesized. The filter bandwidth was 300 MHz and the passband return loss was set to 23 dB. The filter ports were standard WR137 waveguides. A rejection greater than 70 dB from 14.1 to 15 GHz (including the second harmonic frequency band) was specified. This stopband requirement can only be met with an inhomogeneous filter with nonequal resonators. The widths of the filter resonators were chosen to provide some transmission zeros in the 2nd harmonic frequency band through the negative coupling between the propagating TE 10 and TE 30 modes [22] . The synthesized filter topology and its passband and wideband responses are shown in Fig. 6 . The extracted filter dimensions are compiled in Table II. The filter stopband fulfills the demanding specifications (see Fig. 6 (b)), with a rejection greater than 80 dB in the specified range including the second harmonic frequencies. The position of the transmission zeros provides an almost equiripple attenuation in such a frequency range. The passband response depicted in Fig. 6(a) is also very good. The variations in the passband ripple, always below 22 dB, are due to the higher order modes in the wider resonators. These modes are neglected in the prototype and the synthesis procedure, and introduce small variations in the filter response. If required, the exact equiripple response can be recovered with a slight refinement. This final optimization can be easily performed in FEST 3D due to the excellent initial dimensions and the efficiency of its fullwave analysis methods (partly described in section II-B). For comparative purposes, the response of the extracted structure with the method in [23] is also shown. Although this method is a generalized version of the classic technique in [24] for the inhomogeneous case, it neglects the diverse frequency dependence of the different structure parts. As a result, its extracted filter response is only good close to the passband center frequency, and the average error in the filter dimensions is about 250 µm. A cumbersome optimization from these poor initial dimensions must be performed. The design of inhomogeneous structures by traditional techniques is a hard task. Using the approach in this paper, however, they can be accurately synthesized even including the rounded corners arising from manufacturing.
The passband and stopband HFSS responses in Fig. 6 show an upwards frequency shift of about 4 MHz, which can be attributed to the HFSS linear segmentation of rounded contours [25] . HFSS replaces circular contours with circumscribed polygons. Since this replacement increases the metallic area, the H-plane surface of the waveguide resonators is slightly reduced. As a result, the filter response is moved upwards in frequency. This very small and similar geometrical change in all the filter resonators explains the slight frequency shift of about 0.06%, and also the nearly unaltered return loss ripple of the HFSS response when compared with FEST3D. In fact, an increase in the number of linear segments tends to move the HFSS response downwards in frequency.
The convergence bound (7) is about ±13.5 μm for the average resonator/port width. The synthesis of this structure is performed with two iterations without and with rounded corners, and takes only 67 seconds. If the synthesis is performed directly, four iterations with rounded corners are required to obtain convergent results after 169 seconds. It is worth saying that asymmetric filters are more demanding than symmetric ones, as the number of coupling windows to be synthesized is doubled.
Provided that the maximum tolerable reduction in return loss is 3 dB, the expressions (3c) and (5c) suggest a manufacturing tolerance below ±11 µm. A Monte Carlo tolerance analysis with a maximum perturbation of ±10 µm is shown in Fig. 6(c) . Since the estimates provide RMS variation instead of maximum variation, the return loss can be slightly lower than 20 dB in some unfortunate cases. If a maximum variation of 3 dB in the passband return loss must be guaranteed, a more exacting bound should be taken. In fact, using a ±5 microns tolerance, the filter can always be implemented without tuning elements obtaining a return loss greater than 20 dB in the passband.
The results of the Monte Carlo analysis in Fig. 6 (c) agree well with the values provided by the error estimators (5) , and the tolerance and convergence figures obtained in this particular example (for instance, the difference between the expected and the simulated RMS variation in the ripple level is only 0,15 dB). These results prove the applicability of the analytical expressions derived in this paper to any frequency range, and their suitability for inhomogeneous structures as well.
V. CONCLUSIONS
This paper is focused on the modeling of manufacturing defects in waveguide filters. More precisely, it has dealt with the rounded corners due to milling machining processes and the random variations in the structure physical dimensions related to manufacturing tolerances.
An accurate design procedure able to take into account the rounded corners has been proposed. In contrast to other methods proposed in the technical literature, the rounded corners have been included during the synthesis stage. Advantageously, a very efficient and robust method has been obtained which provides outstanding initial filter dimensions that, at worst, only need a slight refinement. On the other hand, a statistical characterization has been carried out to evaluate the impact of the random variations of the filter dimensions due to manufacturing tolerances. As a result, analytical estimators for the deterioration of the main filter performances have been derived. These types of expressions are of interest to designers, since they can be used to determine the manufacturing tolerance to be requested for a tuning-less filter implementation. Moreover, modified versions of these estimators can also be used to set the convergence criteria in fully automated CAD procedure.
Using the design technique and the estimates described in this paper, practitioners can easily consider the two most important manufacturing effects during the filter design. Since they can be of help to reduce component development times and costs, both enhancements have been successfully integrated in FEST 3D.
